1. Synthesis of caged serine (S)-4,5-dimethoxy-2-nitrobenzyl serinate (caged serine) was synthesized using the reaction scheme shown in Fig. S1 .
Synthesis of (S)-4,5-dimethoxy-2-nitrobenzyl (tert-butoxycarbonyl)-serinate
To a dry N,N-dimethylformamide (30 mL) solution of (S)-(tert-butoxycarbonyl)-serine (1.50 g, 7.32 × 10 -3 mol) and triethylamine (1.02 mL, 7.32 × 10 -3 mol) was added 1-(bromomethyl)-4,5-dimethoxy-2-nitrobenzene (1.68 g, 6.10 × 10 -3 mol) at 20 ºC under Ar. After being stirred for 12 h at 20 °C in the dark, the reaction mixture was vacuum distilled at 20 ºC. To the resulting mixture was added brine (50 mL), and the mixture was extracted with CHCl 3 (50 mL). The organic extract was dried over anhydrous Na 2 SO 4 and filtered off from insoluble substances. The filtrate was evaporated to dryness under reduced pressure, and the residue was chromatographed on silica gel with CHCl 3 and MeOH (7/1) as an eluent to allow isolation of (S)-4,5-dimethoxy-2-nitrobenzyl (tert-butoxycarbonyl)-serinate (2.10 g, 5.25 × 10 -3 mol) in 71% yield as yellow solids.
R f value TLC analysis and spectral data of 1 H NMR, and MALDI-TOF MS for the confirmation of the synthesis were shown as follow.
TLC R f (CHCl 3 / MeOH = 7/1): 0.65. 
Synthesis of (S)-4,5-dimethoxy-2-nitrobenzyl serinate (caged serine)
To a dioxane (40 mL) solution of HCl (4 M) was added (S)-4,5-dimethoxy-2-nitrobenzyl (tert-butoxycarbonyl)-serinate (2.10 g, 5.25 × 10 -3 mol) at 0 ºC under air. After being stirred for 2 h at 20 ºC, a dioxane (20 mL) solution of HCl (4 M) was added at 20 ºC, and stirred for 1.5 h at 20 ºC. To the reaction mixture was added sat. NaHCO 3 aq. (100 mL) at 0 ºC, and the resulting mixture was extracted with CH 2 Cl 2 (100 mL, three times). The organic extract was dried over anhydrous 2. Quantification of the rate constant for the photolysis of caged serine under our microscopy system. The rate constant for the photorelease of serine from caged serine by light irradiation was experimentally determined. The 1 H NMR spectra of 1.17 mM caged serine irradiated with visible light (wavelength (λ) > 400 nm) for 0, 10, and 30 min were obtained (Fig. S2 ). The caged serine was completely photolyzed by 30 min. of irradiation with visible light, given that the peaks derived from caged serine were abolished (Fig.   S2C , black circles), and the peaks derived from the released serine were increased in the NMR spectra (Fig. S2C, red circles) . The absorption spectra of the same caged serine solutions used for the 1 H NMR analysis were also obtained (Fig. S3A) . The absorbance at 346 nm decreased in correlation with the duration of irradiation with visible light.
Therefore, we used the absorbance at 346 nm to estimate the amount of caged serine photolysis after light irradiation.
To estimate the rate constant for the photorelease of serine by irradiation with a laser beam (λ = 405 nm) under microscopy, the relationship between the concentration of released serine and the duration of irradiation by a violet laser was investigated. One hundred microliters of 0.1 mM caged serine solution was added to a quartz cuvette (path length 10 mm), and a violet laser beam was applied to the cuvette at 0.9 mW･mm -2 for various durations. After the irradiation, the absorbance spectrum of the solution was obtained by a spectrophotometer (DU800, Beckman Coulter, Brea, CA). The ratio of the concentration of released serine to that of the initial caged serine over time was estimated from the absorbance at 346 nm. The concentration of released serine increased linearly according to the duration of the laser irradiation (Fig. S3B) . Assuming that the photorelease of serine is a first-order reaction, the time course of serine concentration ([S]) can be described by the following equation
where t is the duration of irradiation with a violet laser, [CS] 0 is the initial concentration of caged serine, and k is the rate constant of the photolysis. When t k ⋅ is small, the equation is simplified to a linear function:
The rate constant for the photorelease of serine (k, 3.8 × 10 -4 s -1 ) was estimated from the slope of the approximation line shown in Figure S3B . Since the estimated rate constant is proportional to the power density of the laser beam under microscopy, the rate constant for the photorelease of serine on the microscopic field was calculated to be 0.16 s -1 , given that the diameter of the irradiated area on the sample slide was 32 µm (Fig. 1A ) and the power density in the irradiated area was 370 mW･mm -2 .
Calculation of the serine concentration surrounding a cell
To estimate the concentration of released serine surrounding a targeted E. coli cell under the microscope over time, diffusion equations for caged serine and released serine were obtained using the finite difference method. The region irradiated by the violet laser on the microscopic field was assumed to be cylindrical (diameter (φ) 32 µm), and the power density in the irradiated area was set to be uniform. To simplify the calculation, the diffusion equation was solved for a cylindrical coordinate system. A cylindrical coordinate is described by 3 components, the radius (r), rotation angle (θ), and depth (z).
In a cylindrical coordinate system for diffusive molecules, r, θ, and z are independent parameters, and the coordinates for θ and z can be ignored. By modifying the diffusion equation, a differential value for the serine concentration (C S ) and caged serine concentration (C CS ) at a certain time (t) and radius (r) can be described by the following equations: (2) . By assuming that the caged serine is a spherical particle and the density of serine and caged serine are the same, the radius of the caged serine (r CS , 0.40 nm) was estimated using the following equation:
where M CS and M S are the molecular weight of caged serine (Mw = 300) and serine (Mw = 105), respectively. Finally, the diffusion coefficient of caged serine was estimated using the Einstein-Stokes equation:
The diffusion equations were numerically calculated simultaneously with the following initial conditions and boundary conditions by the finite difference method, using a program we developed on LabVIEW2009 (National Instruments, Austin, TX).
Initial conditions:
where C CS0 and R are the initial concentration of caged serine and the boundary in the calculated area, respectively. R was set to be much larger than the distance the released serine would diffuse (R = 1000 μm; average displacement of serine with diffusion:
�2
= 130 μm, t = 10 s).
Real-time video nanometry.
Real-time video nanometry (RTVN) is software we developed using LabVIEW 2009.
RTVN captures images of a rotating bead attached to a flagellar filament through a high-speed CCD camera (IPX-VGA210LMCN; Imperx, Boca Raton, FL), and monitors the rotational direction of the flagellar motor in real time. RTVN also operates a mechanical shutter positioned in front of a laser that photolyzes caged serine in response to a CCW-to-CW switch. A flowchart of the processes performed by RTVN is shown in Figure S4 .
Phase-contrast images of the rotating bead were captured by a high-speed CCD camera at 1255 frames/s, and the captured images were transferred via a frame-grabber card (NI PCIe-1429; National Instruments, Austin, TX) to a computer for image analysis. During this process, each captured image was recorded on a hard disk drive in the computer through the RTVN software. RTVN also estimated the rotational speed and direction of the flagellar motor from the position of the bead's center of mass. The rotational direction was estimated from the average rotational speed calculated from every 50 sequential images (about every 40 ms) of the rotating beads; an average rotational speed more than 10 Hz was defined as CCW rotation, between ± 10 Hz was defined as a pause, and less than -10 Hz was defined as CW rotation. In our analysis, we determined that the RTVN system detected the rotational switching of the flagellar motor 39 ± 15 ms (mean ± SD, n = 15) after the actual rotational switching of the motor. This delay in the detection of rotational switching was not owing to the computer time needed to make the calculation, but from a mismatch between the timing of the motor switch and the sampling window of the sequential images. After a CCW-to-CW rotational switch was detected, a 5 V TTL signal was sent from an A/D converter (NI USB-6212; National Instruments, Austin, TX) to an electric shutter driver (VCM-D1;
Uniblitz, San Diego, CA) to open a mechanical shutter (UHS1 ZM 2; Uniblitz, San Diego, CA) that was positioned in front of a violet laser (KBL-90C-A; Kimmon Koha, Tokyo, Japan) for the photolysis of caged serine. The mechanical shutter was opened after a 3-ms delay from the initiation of the TTL signal. After 60 ms, the TTL signal was turned off. We confirmed that the mechanical shutter was opened for 61 ± 2 ms (mean ± SD, n = 6) by turning the TTL signal on and off. The timing of the TTL signal was recorded in the computer with the rotational speed of the rotating bead. By using RTVN, the violet laser beam for the photolysis of caged serine was correctly applied in response to the CCW-to-CW switching of the flagellar motor.
Comparison of the decrease in CheY-P concentration obtained from 1 dimensional and 3 dimensional analyses of the CheY and CheY-P molecules.
We simulated the change in CheY-P concentration after the serine stimulus by considering the chemotactic reactions and the diffusion of chemotactic proteins, and we compared the results from 1 dimensional (1D) and 3 dimensional (3D) models. To calculate the change in CheY-P concentration around a flagellar motor, we performed a particle-based Monte Carlo simulation to estimate the diffusion of CheY and CheY-P molecules. In both the 1D and 3D models, the step size of a particle was calculated from the following equation:
where dx is the step size of the particle in each time increment, D is the diffusion coefficient, and t is the time increment of the calculation. In the calculation, 0.001 ms and 11.7 µm 2 /s were used as the time increment of the calculation and diffusion coefficient of CheY (21), respectively. Therefore, the step size of the particle was 0.0048 µm. In the 3D model, a 2-µm-long, 1-µm-wide, and 1-µm-high cuboid was assumed, and 10,000 CheY-P particles were placed in this cuboid at random. These
CheY-P particles (and dephosphorylated CheY particles) could freely and 3-dimensionally diffuse in the cuboid (Fig. S6A, bottom) . The CheY and CheY-P molecules were reflected by each wall. The dephosphorylation of CheY-P occurred in the following reaction scheme:
where Y is a CheY molecule, YP is a CheY-P, and Z 2 is a CheZ dimer, respectively. k 2 is the rate constant of CheY-P dephosphorylation (1.6 × 10 6 M -1 s -1 ), as previously
reported (8, 25). The number of CheZ dimers was assumed to be 3,200, all of which were located in the front end of the cuboid (R in Fig. S6A , bottom) (within 20 nm from the edge), which corresponds to 133 µM CheZ dimer. The proportion of dephosphorylated CheY in this area was estimated from the multiplication by k 2 , the concentration of CheZ dimer in the receptor patch (133 µM), and the sampling time (0.001 ms). CheY-P molecules were dephosphorylated constantly from 0 to 1 s. The motor (M in Fig. S6A ) was positioned 1 µm from the receptor patch. The number of CheY-P molecules within a 0.2-µm-long, 0.2-µm-wide, and 0.1-µm-high cuboid region surrounding the motor was counted, and converted to a concentration (Fig. S6B, red broken line). In the 1D model, 10,000 CheY-P particles were placed in a 2-µm-long line, on which these CheY-P particles (and dephosphorylated CheY particles) could freely and 1-dimensionally diffuse with a diffusion coefficient of 11.7 µm 2 /s. CheY and CheY-P molecules were reflected at each end. All of the CheZ molecules were located at the left side of the line (R in Fig. S6A , top) (within 20 nm from the end). Similar to the 3D model, the proportion of dephosphorylated CheY in this area was estimated from the multiplication by k 2 , the concentration of CheZ dimer in the receptor patch (133 µM), and the sampling time (0.001 ms). The CheY-P molecules were dephosphorylated constantly from 0 to 1 s. The number of CheY-P molecules within the area from 0.9 µm to 1.1 µm surrounding a motor was counted, and converted to a concentration (Fig. S6B , blue line). The estimations of the decrease in CheY-P concentration were similar between the 1D and 3D calculations. Therefore, we were able to use 1D diffusion to estimate the decrease in CheY-P concentration in an E. coli cell.
Comparison of the estimated decrease in CheY-P concentration with the receptor patch at different positions in an E. coli cell.
To assess the effect of the position of the receptor patch on the decrease in CheY-P concentration, we simulated the change in CheY-P concentration with the receptor patch at different positions in an E. coli cell. We performed a particle-based Monte Carlo simulation as described above. For the calculation, a 2 µm-long, 1 µm-wide, and 1 µm-high cuboid was assumed, in which CheY and CheY-P molecules diffused in 3 dimensions (Fig. S7A) . The front of the cuboid was divided into 4 areas, named positions 1 to 4, and CheZ in the receptor patch was located at one of the 4 areas (within 20 nm from the front end). For the proportion of dephosphorylated CheY at the receptor patch and the diffusion coefficients of CheY and CheY-P molecules, the same values described in previous section were used. The CheY-P concentration was estimated at the motors, which were 0.2, 1.0, and 1.8 µm away from the receptor patch. As shown in Figure S7B -S7D, the time course of the decrease in CheY-P concentration was similar regardless of the position of the receptor patch. Therefore, the position of the receptor patch at the cell pole did not affect the estimation of the decrease in CheY-P concentration at the motor.
Estimation of the relationship between the response time and the diffusion coefficient
The relationship between the response time and the diffusion coefficient was estimated using the following equation
where t response is the response time (see Results), D is the diffusion coefficient, X R-M is the distance between the flagellar motor and the receptor patch, and B is the intercept of the equation. We confirmed that the diffusion of CheY and CheY-P molecules in E. coli cell could be expressed as one-dimensional diffusion (Fig. S6) . We also confirmed that the position of the receptor patch at the cell pole and the motor at the cell surface do not affect the time course of the decrease in CheY-P concentration (Fig. S7) .
Estimation of the relationship between the response time and the released serine concentration
To investigate the sensitivity of the cellular response in E. coli cells to an increasing concentration of serine, the response time was plotted against the concentration of released serine. The released serine concentration was controlled by the concentration of caged serine in the motility medium (3, 10, 20, 30, 70, 500, 750 , and 1000 µM). To exclude the distance dependency of the response time derived from the diffusion of 9. Measurement of the time for an E. coli cell to adapt to serine. To estimate the time required for an E. coli cell to adapt to serine, 10NaMB lacking serine was replaced by 10NaMB containing serine by perfusion, while measuring the rotating flagellar motor. After adding 3 μM serine by perfusion, the continuous CCW rotation over 100 s was observed as a cellular response to serine (Fig. S8) . The continuous CCW rotation for over 100 s represents the time required for the cell to adapt to 3 μM serine. The average CCW duration after adding 3 μM and 10 μM serine was 120 ± 10 s (mean ± SD, n = 4) and 117 ± 21 s (mean ± SD, n = 4), respectively. Therefore, an E. coli cell required more than 100 s to adapt to serine at a concentration of several micromolar. CW duration with 1000 µM caged serine and laser irradiation (response time). CW duration with laser irradiation and without 1000 µM caged serine is the time between the application of laser irradiation and the first CW-to-CCW switch. CW duration without laser irradiation is the time between the quasi TTL signal and the first CW-to-CCW switch.
One measurement was performed for every cell.
Mean values and standard deviations are shown.
